Main {#Sec1}
====

Pulmonary fibrosis is a common feature of interstitial pulmonary diseases. These disorders are progressive and refractory to current therapy and the limited fundamental therapeutic options are available to date.^[@CR1]^ A number of animal models and therapeutic agents were developed to explore the possibility of a new fundamental strategy against pulmonary fibrosis. Bleomycin-induced pneumopathy is a well-established model of pulmonary fibrosis, and the acute toxicity of bleomycin is characterized as the DNA damage of pulmonary tissue, which results in apoptosis.^[@CR2]^ Following the induction of apoptosis, immunological mechanisms including the further induction of apoptosis are also involved in the progression of the bleomycin-induced pulmonary fibrosis.^[@CR3]^

On the other hand, hepatocyte growth factor (HGF) is mitogenic and antiapoptotic factor for alveolar and bronchial epithelial cells. It also stimulates the migration and morphogenesis of those cells as reported in the previous *in vitro* studies.^[@CR4],\ [@CR5]^ Yaekashiwa *et al*^[@CR6]^ demonstrated that continuous systemic injection of recombinant HGF suppressed pulmonary fibrosis induced by bleomycin in the mice model. HGF had significant effect when it was administered simultaneously or subsequently to bleomycin treatment.^[@CR6]^ Although these studies suggested the therapeutic potential of recombinant HGF for bleomycin-induced pulmonary fibrosis, the feasibility of HGF gene transfer has not been fully explored. When delivered to the lung *in vivo*, in addition to the innate immune response or nonspecific inflammation, cellular and humoral immune responses are especially critical issues in the use of viral vectors. Furthermore, pathologically abnormal lungs present disease-specific barriers that can limit gene transfer.^[@CR7]^

In current clinical gene therapy, viral vector-mediated gene transfer is the most popular gene delivery system. On the other hand, serious concerns regarding the possibility of insertional mutagenesis and induction of the host immune response limit their clinical desirability. When a retroviral vector-mediated gene transfer was used, an antihypertensive gene was transmitted to the offspring and integrated into its genome.^[@CR8]^ In liver-directed clinical gene therapy, adenoviral vector-mediated gene transfer induced fulminant hepatic failure that lead to mortality.^[@CR9]^ Adenoassociate virus (AAV) vector have been found to be efficient for transducing nonproliferating cells and is considered to be nonpathogenic. Gene delivery by AAV vector also appears to be the least immunogenic of the viral vector systems. However, a major problem associated with the use of AAV vector has been the difficulty in producing large quantities of high-titer stock.

Previously, to avoid these viral-vector related side effects and complexity of viral gene transfer, we developed nonviral gene gun-mediated gene transfer^[@CR10],\ [@CR11],\ [@CR12]^ and *in vivo* electroporation.^[@CR13]^ However, these nonviral gene transfer methods also induced infiltration of inflammatory cells and mechanical damage in targeted organs. Clinically, these nonviral gene transfer-related side effects in diseased organs are also critical.

We hypothesized that these nonviral gene transfer-related side effects would be avoided with the use of nondiseased-organ-targeting gene transfer. Especially in lung disease, as a result of skeletal muscle targeting gene transfer, secreted transgene product would reach the lung through the bloodstream with a certain concentration. Therefore, we investigated the possibility of the *in vivo* electroporation-mediated HGF gene transfer targeting skeletal muscle for bleomycin-induced pulmonary fibrosis in current study.

Materials and methods {#Sec2}
=====================

Construction of Plasmid DNA {#Sec3}
---------------------------

Human HGF cDNA (2.2 kb) was inserted between the *Eco*RI and *Not*I sites of the pUC-SR alpha expression vector plasmid.^[@CR14]^ In this plasmid, transcription of HGF cDNA was under the control of the SR alpha promoter. pCAGGS-EGFP was generated as a control vector using the modified pCAGGS expression vector.^[@CR15]^

Animal Model of Pulmonary Fibrosis {#Sec4}
----------------------------------

Male pathogen-free C57BL/6 mice, 8 weeks old, were obtained from Japan SLC (Shizuoka, Japan). After measurement of their body weight, the animals were anesthetized with intraperitoneal injection of pentobarbital sodium (Dainippon Pharmaceutical, Osaka, Japan), and the trachea was exposed following a cervical incision. Bleomycin (3.0 mg/kg of body weight, Nippon Kayaku, Tokyo, Japan) was dissolved in 50 *μ*l of sterile saline and then injected intratracheally with a 30-gauge needle.

*In Vivo* Electroporation-mediated Gene Transfer {#Sec5}
------------------------------------------------

Following bleomycin treatment, the bilateral quadriceps muscles were exposed by bilateral longitudinal incisions of the thigh. A volume of 50 *μ*l of pUC-HGF (1 mg/ml) was injected into each of the quadriceps muscle with 30-gauge needle. Immediately after intramuscular injection of pUC-HGF, the muscle was held by an electrode ([Figure 1a](#Fig1){ref-type="fig"}) and *in vivo* electroporation was performed with pulse generator (Square Electroporator CUY 21; NEPA GENE, Chiba, Japan). The voltage, pulse length, and number of pulses of electroporation were 40 V, 50 ms, and 18 times, respectively. A total of 49 mice were transferred with pUC-HGF, and another 49 mice were transferred with pCAGGS-EGFP as the control. In all, 25 mice of each treatment group were served for survival analysis until 28 days after bleomycin injection and *in vivo* electroporation. Six of residual 24 mice of each group were killed on 1, 3, 5, and 7 days after bleomycin injection and *in vivo* electroporation. Then, gene expression of HGF or green fluorescent protein (GFP), collagen content of the lung, and histological findings including the apoptosis were evaluated.Figure 1(**a**) Procedure of the skeletal muscle-targeting *in vivo* electroporation following intramuscular injection of plasmid DNA. (**b--e**) Expression of GFP in the quadriceps muscle at day 1 (**b**), 5 (**c**), 7 (**d**), and 28 (**e**). Panel **f** represents the number of GFP positive mice. Asterisk (^\*^) indicates the data from bleomycin-untreated mice. (**g** and **h**) Concentration of human HGF in the unilateral quadriceps muscle (**g**) or lung (**h**) at days 1, 3, 5, 7, 14, and 28; (•) human HGF level of mice transferred with pUC-HGF; (○) human HGF level of mice transferred with pCAGGS-EGFP. Each plot represents the mean value from six mice.

Detection of GFP and Human HGF Expression {#Sec6}
-----------------------------------------

The right quadriceps muscle and the left lobe of the lung were excised then GFP expression was detected with fluorescent stereomicroscopy. The left quadriceps muscle and the right upper lobe of the lung were excised and homogenized on ice after dilution with an adequate volume of human HGF extraction buffer (Institute of Immunology, Tokyo, Japan). After centrifugation, the supernatant was collected and stored at −80°C until assay. The concentration of human HGF was determined by means of enzyme-linked immunosorbent assay (ELISA) using anti-human HGF monoclonal antibody (Institute of Immunology, Tokyo, Japan). The antibody used in this study reacts specifically with human HGF and has little crossreactivity with mouse endogenous HGF.

Histological Analysis of *In Vivo* Electroporation-induced Tissue Damage {#Sec7}
------------------------------------------------------------------------

To evaluate the tissue damage related to the *in vivo* electroporation, the right quadriceps muscle was fixed with 10% formaldehyde after the fluorescent stereomicroscopy for GFP expression analysis. The tissue was embedded in paraffin, and 4 *μ*m section of the quadriceps muscle was stained with hematoxylin--eosin.

Histological Analysis for Bleomycin-induced Pulmonary Fibrosis {#Sec8}
--------------------------------------------------------------

The left lobe of the lung was obtained after the fluorescent stereomicroscopy for GFP expression analysis. After perfusion of the lung sample with phosphate-buffered saline solution (PBS), lung tissue was fixed by instilling 10% formaldehyde and embedded in paraffin. A 4 *μ*m section of the lung was used for Masson\'s trichrome staining. The section was reviewed under CCD microscopy (CCD; DP-70 (Olympus, Tokyo, Japan), microscope; Optiphot-2 (Nikon, Tokyo, Japan), objective lens; × 20, adapter lens; × 0.45, display size; 21′′). The extent of pulmonary fibrosis was evaluated according to the scoring system of Ashcroft *et al.*^[@CR16]^ A score ranging from 0 (normal lung) to 8 (total fibrosis) was assigned for each of the five microscopic fields. The mean score of all fields was taken as the fibrosis score of lung section.

Evaluation of Lung Collagen Content by Hydroxyproline Assay {#Sec9}
-----------------------------------------------------------

The right lower lobe of the lung was excised and its hydroxyproline was measured. Briefly, after acid hydrolysis of the lung with 6 N HCl at 110°C for 14 h in a sealed glass tube, hydroxyproline content was determined using high-performance liquid chromatography.

Quantification of Apoptosis in Lung Tissue by Terminal Deoxynucleotidyltransferase dUTP Nick End Labeling {#Sec10}
---------------------------------------------------------------------------------------------------------

Terminal deoxynucleotidyltransferase dUTP nick end labeling (TUNEL) in the left lobe of the lung was performed with an *in situ* apoptosis detection kit (Takara, Shiga, Japan) according to the manufacturer\'s protocol. The number of TUNEL-positive signals was counted in five fields under CCD microscopy. Apoptotic cell index was presented as the number of TUNEL-positive cells per 100 total cells.

Statistical Analysis {#Sec11}
--------------------

Data are expressed as mean±s.d. The statistically significant difference between treatments was assessed using a one-way analysis of variance followed by a parametric Student\'s *t*-test. Survival rates were estimated from survival curves based on the Kaplan--Meier method and compared with the Mantel--Cox log rank test. A *P*-value of less than 0.05 was considered significant.

Results {#Sec12}
=======

*In Vivo* Electroporation-mediated GFP Gene Expression {#Sec13}
------------------------------------------------------

To confirm the efficacy of gene transfer by skeletal muscle-targeting *in vivo* electroporation, we detected GFP expression under fluorescent stereomicroscopy. The expression of GFP was exclusively detected along the muscle fiber of enhanced GFP (EGFP)-transferred quadriceps muscle on the day after electroporation and persisted for 4 weeks ([Figure 1b--f](#Fig1){ref-type="fig"}). Although GFP expression at day 28 was observed in five of six mice transferred with EGFP, the intensity of GFP in the quadriceps muscle at day 28 was slightly reduced compared with that measured in the early days. GFP expression was not detected in the HGF-transferred mice nor the other organs including the lungs of EGFP-transferred mice.

*In Vivo* Electroporation-mediated HGF Gene Expression {#Sec14}
------------------------------------------------------

The expression of human HGF was detected in the quadriceps muscle of HGF-transferred mice from the day after *in vivo* electroporation to day 28 using human HGF-specific ELISA ([Figure 1g](#Fig1){ref-type="fig"}). Concentration of human HGF in the unilateral quadriceps muscle was peaked at day 3 (20.37±12.69 ng/g of tissue weight) and gradually decreased until day 28 (0.49±1.01 ng/g of tissue weight). Although human HGF in the lung was also detected in the HGF-transferred mice and peaked at day 5 (0.93±1.41 ng/g of tissue weight), its concentration was significantly lower than that in the quadriceps muscle ([Figure 1h](#Fig1){ref-type="fig"}). Throughout this experiment, human HGF was not detected in the EGFP-transferred mice ([Figure 1g, h](#Fig1){ref-type="fig"}).

Effect of *In Vivo* Electroporation on the Skeletal Muscle {#Sec15}
----------------------------------------------------------

Histologically, skeletal muscle-targeting *in vivo* electroporation induced minimal damage of the skeletal muscle fiber and mild degree of influx of inflammatory cells ([Figure 2a, b](#Fig2){ref-type="fig"}). However, no dysfunction of the lower limb was observed in either group.Figure 2Histological damage of the quadriceps muscle induced by *in vivo* electroporation in GFP (**a**) or HGF (**b**)-transferred mice (hematoxylin--eosin staining).

Effect of HGF Gene Transfer on Bleomycin-induced Pulmonary Fibrosis {#Sec16}
-------------------------------------------------------------------

Histologic finding in control mice showed increased cellularity and severe fibrotic changes. However, those changes were minimum in the mice injected with HGF. The fibrotic change of the lungs was assessed by the Ashcroft\'s numerical score at day 7. The scores in the bleomycin-injected mice transferred with GFP ([Figure 3a--c](#Fig3){ref-type="fig"}) and HGF ([Figure 3d--f](#Fig3){ref-type="fig"}) were 3.2±0.6 and 1.0±0.3, respectively ([Figure 4a](#Fig4){ref-type="fig"}, *P*\<0.01).Figure 3(**a--f**) Lung sections of mice treated with bleomycin (Masson trichrome staining). (**a--c**) Lung sections of mice transferred with pCAGGS-EGFP at day 7. (**d--f**) Lung sections of mice transferred with pUC-HGF at day 7.Figure 4(**a**) Assessment of lung fibrosis using the Ashcroft\'s criteria for grading lung fibrosis at day 7. (**b**) Assessment of lung collagen content using hydroxyproline assay at day 7.

Effect of HGF Gene Transfer on Hydroxyproline Content of Bleomycin-injected Lung {#Sec17}
--------------------------------------------------------------------------------

Collagen content of the bleomycin-injected lung was assessed by the hydroxyproline assay. There was a significant decrease in lung hydroxyproline content in mice transferred with HGF (9.0±1.3 *μ*mol/g of tissue weight) compared with that in control mice (14.4±5.1 *μ*mol/g of tissue weight) at day 7 ([Figure 4b](#Fig4){ref-type="fig"}, *P*\<0.05).

Effect of HGF Gene Transfer on Apoptosis in Bleomycin-injected Lung {#Sec18}
-------------------------------------------------------------------

Apoptotic cell index in bleomycin-injected lungs was significantly reduced in mice transferred with HGF (4.5±1.1) compared with GFP (14.2±3.1) at day 5 ([Figure 5a--c](#Fig5){ref-type="fig"}, *P*\<0.0001).Figure 5(**a** and **b**) Lung sections of mice treated with bleomycin (TUNEL staining). (**a**) Lung sections of mice transferred with pCAGGS-EGFP at day 5. (**b**) Lung sections of mice transferred with pUC-HGF at day 5. (**c**) Apoptotic cell index at day 5 was presented as the number of TUNEL-positive cells per 100 total cells.

Effect of HGF Gene Transfer on Survival after Bleomycin Injection {#Sec19}
-----------------------------------------------------------------

In total, 25 mice transferred with HGF after bleomycin treatment and 25 mice with GFP were served for survival analysis. Within 28 days, three of the mice with HGF and 20 with GFP had died. The Mantel--Cox log rank test showed that the survival rate of mice with HGF was significantly improved compared with that of control mice ([Figure 6](#Fig6){ref-type="fig"}, *P*\<0.0001).Figure 6Survival of the bleomycin-treated mice: (•) mice transferred with pUC-HGF and (○) mice transferred with pCAGGS-EGFP. Survival curves were presented as a Kaplan--Meier plot. Mantel--Cox log rank test was used for comparison of survival curves.

Discussion {#Sec20}
==========

HGF^[@CR17]^ is a multipotent growth factor that acts as mitogen,^[@CR14]^ motogen,^[@CR18]^ and morphogen^[@CR19]^ on various epithelial cells. Furthermore, HGF also has an anti-apoptotic effect on these cells^[@CR20]^ and fibrinolytic activity via upregulating urokinase-type plasminogen activator expression.^[@CR21],\ [@CR22]^ Therefore, HGF has been obtained as a protective agent for a variety of organ disorders, such as liver cirrhosis,^[@CR23]^ intestinal ischemia,^[@CR24]^ myocardial ischemia,^[@CR25]^ and acute renal failure.^[@CR26]^

On the other hand, pulmonary fibrosis is the most common feature of interstitial pulmonary diseases and this disorder is progressive and refractory to current therapy. Limited fundamental therapeutic options are available to date.^[@CR1]^ A number of animal models and therapeutic agents were developed to explore the possibility of a new fundamental strategy against pulmonary fibrosis. Bleomycin-induced pneumopathy is a well-established model of pulmonary fibrosis. Acute toxicity of bleomycin is characterized as the DNA damage of pulmonary tissue, which results in apoptosis.^[@CR2]^ As found in bleomycin-treated mice,^[@CR27]^ Fas expression in bronchiolar and alveolar epithelial cells and upregulation of Fas ligand (FasL) expression are also found in clinical idiopathic pulmonary fibrosis patients.^[@CR28]^ Furthermore, an activation of apoptotic pathway was found in acute respiratory distress syndrome (ARDS),^[@CR29]^ or other experimental models, such as lipopolysaccharide,^[@CR30],\ [@CR31]^ hyperoxia,^[@CR32],\ [@CR33]^ asbestos,^[@CR34]^ and ischemia/reperfusion-induced lung injury,^[@CR35]^ Thus, apoptosis is a common feature found in both clinical and experimental models of lung injury. Following the acute toxicity of bleomycin, immunological mechanisms by T cells, its cytokines and natural killer cells also concern the progression of lung fibrosis.^[@CR3],\ [@CR36],\ [@CR37]^ In concurrence with these processes, extravasation of plasma through hyperpermeable vasculatures and injured alveolar walls occurs and tissue factor triggers the coagulation cascade, leading to fibrin deposition.^[@CR38]^ Fibrin matrix serves as a scaffold in which fibroblasts migrate and induce collagen deposition.

From the therapeutic point of view, suppressions of apoptosis and fibrinogenesis are critical in prevention of the onset and progression of lung fibrosis. As HGF has both antiapoptotic and fibrinolytic potential as described above, HGF is one of the ideal therapeutic agents for lung fibrosis. Yaekashiwa *et al*^[@CR6]^ reported that systemic injection of recombinant HGF suppressed pulmonary fibrosis induced by bleomycin in a mice model. Although their study suggested the therapeutic potential of HGF for bleomycin-induced pulmonary fibrosis, relatively high dose and continuous administration of recombinant HGF were required to induce those therapeutic effects. Since HGF has a short half-life (*T*~1/2~ 3--5 min), HGF gene therapy would be desirable from a clinical point of view.

In current clinical gene therapy, viral vector-mediated gene transfer is the most popular gene delivery system. However, in the use of adenoviral vector or retroviral vector, serious concerns regarding the possibility of insertional mutagenesis and induction of the host immune response limit their clinical desirability. With regard to newly developed AAV vector, it has been found to be efficient for transducing nonproliferating cells and is considered to be nonpathogenic. Gene delivery by AAV vector also appears to be less immunogenic. However, a major problem associated with the use of AAV vector has been the difficulty in producing large quantities of high-titer stock. Therefore, we previously explored the *in vivo* nonviral gene transfer systems, such as particle delivery using gene gun^[@CR10],\ [@CR11],\ [@CR12]^ and electroporation using pulse generator,^[@CR13]^ to avoid these viral vector related problems.^[@CR8],\ [@CR9]^ In the gene gun-mediated gene transfer to the mice liver, gene expression was observed even on day 1 and persisted for 2--5 weeks, and exclusive in the gene gun bombarded area.^[@CR10]^ With a regard to *in vivo* electroporation, we investigated the feasibility of HGF gene transfer via the portal vein in dimethylnitrosamine (DMN)-induced rat liver fibrosis. HGF gene transfer attenuated the fibrotic change and prolonged the survival of DMN rats, and also reduced the apoptotic cell death.^[@CR13]^ However, these nonviral gene transfer methods also induced infiltration of inflammatory cells and mechanical damage in the site of gene transfer. On the other hand, *in vivo* lung-targeting gene therapy has been challenging due to the physical extracellular barriers, such as mucus, mucociliary clearance and glycocalyx proteins, and the innate or adaptive immunological systems.^[@CR7]^ Preclinical and clinical studies of gene therapy for cystic fibrosis suggested that current levels of gene expression were too low to achieve clinical benefit. Repetitive administrations of viral vectors were also limited by the formation of neutralizing antibodies. In addition, almost all previous studies including the lung-directed one used the diseased organ as a target site to induce efficient transgene expression locally. However, we should avoid putting the diseased organ at risk as the targets of gene transfer. Therefore, in this study, we selected the skeletal muscle as a gene transfer site using nonviral *in vivo* electroporation system to avoid these problems in lung gene therapy.

*In vivo* electroporation-mediated gene transfer achieved rapid and persistent gene expression in the skeletal muscle in this study. GFP expression was detected on the day after gene transfer and persisted for 28 days. GFP expression was exclusively restricted to the quadriceps muscle. These data were identical to the previous reports of *in vivo* electroporation.^[@CR39],\ [@CR40]^ On the other hand, in addition to the electroporation-related tissue damage described above, another problem of nonviral gene transfer is lower transfection efficiency compared with viral vector. Although human HGF in the quadriceps muscle and the lung were also detected at day 1 and peaked at days 3 and 5, respectively, human HGF concentration in the lung was significantly lower compared with that in the skeletal muscle. However, its level would be efficient to demonstrate the physiological effects according to the previous reports on HGF gene therapy.^[@CR13],\ [@CR41]^ As a result of our observations, skeletal muscle-targeting *in vivo*-electroporation could be performed with the advantages of simplicity, safety, and without toxicity to the diseased organ.

Suppressions of fibrinogenesis and apoptosis are principal points in the therapy of lung fibrosis as described above. Our results of hydroxyproline assay and histological evaluation indicated the certain effects of HGF gene transfer on suppression of fibrinogenesis in the bleomycin-injected lung. Furthermore, HGF gene transfer also reduced the apoptosis of the bleomycin-injected lung significantly. Concerning the survival analysis of bleomycin-injected mice, Hattori *et al*^[@CR42]^ reported the significant improvement of the survival rate of the mice deleted for the plasminogen activator inhibitor-1 (PAI-1) gene compared with that of wild-type mice. They suggested that the protective effect of PAI deletion could be attributed to the accelerated clearance of fibrin matrices. Their result emphasized the importance of fibrinogenesis suppression. In our study, the survival ratio of the bleomycin-injected mice was significantly improved in HGF-transferred mice compared with GFP mice.

With regard to the limitations of this study, concentration of human HGF in the muscle and the lung decreased to around undetectable level of ELISA system at 28 days after gene transfer. However, clinical efficiency of our gene therapy protocol could be suggested by the following point. First, the expression of GFP in skeletal muscle was confirmed in five of six mice at day 28 in our study. And in previous reports regarding the skeletal muscle-targeting electroporation, gene expression was confirmed even in 15 weeks after gene transfer.^[@CR43]^ Second, the physiological effect of HGF would be expectable even when its concentration decreased to undetectable level as reported previously.^[@CR41]^ Third, skeletal muscle-targeting electroporation-mediated gene transfer could be repeated without apparent immune responses.^[@CR44]^

Another problem of this study is electroporation-related skeletal muscle damage. However, electroporation induced minimal damage of the skeletal muscle and mild degree of influx of inflammatory cells. And no dysfunction of the lower limb was observed in either group. These changes induced by electroporation were recovered within about 2 weeks in our preliminary study.

In conclusion, we developed a nonviral HGF gene therapy of bleomycin-induced lung fibrosis with a single skeletal muscle-targeting *in vivo* electroporation for the first time. This procedure could be applied as a practical gene therapy protocol of various diseased organs.
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